Background/Aims: Although oxaliplatin is one of the most effective chemotherapeutic drugs used to treat colorectal cancer (CRC), long-term administration usually induces acquired drug resistance during the course of treatment. Thus, there is an urgent need to explore novel strategies to improve the efficiency of cancer therapy. The aim of this study was to explore the effect of microRNA-122 (miR-122) on reversing oxaliplatin resistance in CRC. Methods: The expression of miR-122 in CRC cells was examined by quantitative reverse transcriptase real-time PCR. The cytotoxicity of oxaliplatin against CRC cells was evaluated by Cell Counting Kit-8 assays. Mitochondrial membrane potentials and cell apoptotic rates were measured by flow cytometry. Cellular protein expression and interactions were detected by western blot and co-immunoprecipitation. Results: Established oxaliplatin-resistant SW480 and HT29 cells (SW480/OR and HT29/OR) expressed significantly higher levels of X-linked inhibitor of apoptosis protein (XIAP) and lower levels of miR-122 compared with normal SW480 and HT29 cells, respectively. Our results showed that the downregulation of miR-122 was responsible for the overexpression of XIAP in these oxaliplatin-resistant CRC cells. We then found that the recovery of miR-122 expression can sensitize SW480/OR and HT29/OR cells to oxaliplatinmediated apoptosis through the inhibition of XIAP expression. Conclusion: Upregulation of XIAP in CRC cells is responsible for the acquired resistance to oxaliplatin. Furthermore, miR-122 reversed oxaliplatin resistance in CRC by targeting XIAP.
Introduction
Colorectal cancer (CRC) is the third most common malignancy worldwide. Despite the advances made in the diagnosis and treatment strategies used for CRC in recent decades, the prognosis for CRC remains poor because it is aggressive and has a high metastatic potential [1, 2] . Platinum-based chemotherapeutic drugs are still commonly used for the treatment of CRC; however, CRC cells usually acquire drug resistance because of the longterm and repeated use of chemotherapeutic drugs [3] [4] [5] . We aimed to explore the potential mechanisms and strategies that could improve the efficiency of cancer therapies.
Recent studies have indicated that the dysregulation of microRNAs (miRNAs) often occurs and is responsible for the development of drug resistance in cancers. miRNAs are non-coding RNAs, about 19-25 nucleotides long. miRNAs regulate the expression of a wide variety of genes by binding to the 3′ untranslated region (3′ UTR) of targeted mRNAs, leading to mRNA degradation or the inhibition of protein translation [6] [7] [8] . Since approximately 60% of human genes are regulated by miRNAs, these molecules are reported to play important roles in tumorigenesis, tumor growth and survival, and drug resistance. The correction of miRNA disorders may represent a potential strategy for reversing chemoresistance [9] [10] [11] .
Oxaliplatin is a third-generation platinum-based chemotherapeutic drug that is commonly used for the treatment of CRC. Oxaliplatin induces apoptosis in CRC cells by damaging cellular DNA through the formation of intrastrand guanine-guanine and guanineadenine DNA links [12, 13] . However, under the long-term use of oxaliplatin, cancer cells usually change their gene expression profile to acquire drug resistance against oxaliplatininduced apoptosis [14] [15] [16] . Chemoresistance has become a major obstacle in the clinical use of oxaliplatin among CRC patients; thus, we aim to attenuate the acquired resistance to improve the curative effect of oxaliplatin.
Materials and Methods

Cell culture
Human CRC cell lines SW480 and HT29 were obtained from the American Type Culture Collection (Rockville, MD) and maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA) in an incubator with 5% CO 2 at 37 °C. To establish oxaliplatin-resistant CRC models, SW480 and HT29 cells were exposed to increasing concentrations of oxaliplatin (Sigma-Aldrich, Darmstadt, Germany). Briefly, SW480 and HT29 cells were initially treated with oxaliplatin at 0.1 μM for 1 month. Subsequently, the oxaliplatin concentration in the culture medium was increased every 2 weeks by 0.1 μM up to a final concentration of 1 μM. The established oxaliplatin-resistant SW480 and HT29 cells were named SW480/OR and HT29/OR, respectively. To eliminate the influence of residual oxaliplatin in the culture medium, SW480/OR and HT29/OR cells were cultured in oxaliplatin-free RPMI-1640 for 2 weeks prior to the experiments. Cell transfection Recombinant pcDNA3.1 plasmid carrying X-linked inhibitor of apoptosis protein (XIAP) open reading frame (2 μg/mL), hsa-miR-122 mimic (miR-122, GenePharma Co., Ltd., Shanghai, China) (5′-UGGAGUGUACAAUGGUGUUUGU-3′) (50 pmol/mL), miR-122 inhibitor (anti-miR-122, GenePharma Co., Ltd.) (5′-ACAAACACCAUUGUACACUCCA-3′) (50 pmol/mL), negative control oligonucleotide (GenePharma Co., Ltd.) (5′-GGGUUAAUGUGCAUGUUUGAGU-3′) (50 pmol/mL) and XIAP small interfering RNA (XIAP siRNA; GenePharma Co., Ltd.) (50 pmol/mL) were transfected into cells via Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Luciferase reporter assay XIAP 3′ UTR fragment containing predicted miR-122 binding site was amplified and inserted into the downstream of firefly luciferase gene in the luciferase reporter pGL3 Luciferase Reporter Vectors (Promega, Madison, WI). The recombinant plasmid was named pGL3-wild XIAP. The mutant XIAP reporter was created by mutating the seed regions of the miR-122 binding sites (CACUCCA) via the site-directed mutagenesis kit (Takara Bio) and named pGL3-mutant XIAP. To perform the luciferase reporter assay, luciferase reporter vectors (2 μg/mL), Renilla luciferase pRL-TK plasmid (Promega) (100 ng/mL), miR-122 (50 pmol/mL), and anti-miR-122 (50 pmol/mL) were co-transfected into cells by using Lipofectamine 2000. Luciferase activities were measured after 48 of incubation with the Dual-Luciferase Reporter assay system (Promega) according to the manufacturer's instructions.
Cytotoxicity assays CRC cells were treated with different concentrations of oxaliplatin with or without transfection. Following 48 h of incubation, the cytotoxicity of oxaliplatin in CRC cells was evaluated by Cell Counting Kit-8 (CCK-8) assays. Briefly, 10 μL of CCK-8 solution was added to the cells followed by incubation at 37 °C for 2 h. Absorbance at 450 nm was measured via an enzyme-linked immunosorbent assay microplate reader. The half maximal inhibitory concentration (IC 50 ) of oxaliplatin against CRC cells was calculated according to the cell viability of SW480 and OR-SW480 cells.
Co-immunoprecipitation
Cells were collected and incubated with lysis buffer (Cell Signaling Technologies, Danvers, MA) on ice. Supernatants were subsequently collected by centrifugation for 5 min at 12, 000 × g. After incubation with the primary antibody XIAP (Cell Signaling Technologies) overnight at 4 °C, protein G agarose beads were added for 2 h. Immunoprecipitates were then washed with cold lysis buffer and boiled with sodium dodecyl sulfate sample buffer.
Western blot analysis CRC cells were collected and washed. Total proteins were then extracted with RIPA lysis buffer. Equal amount of extracted proteins or immunoprecipitates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by transfer to polyvinylidene fluoride membranes. Subsequently, the membranes were blocked with 5% non-fat milk at room temperature for 1 h and then incubated with antibodies (Cell Signaling Technology) against XIAP, caspase-9, caspase-3, and GAPDH overnight at 4 °C. After incubation with horseradish peroxidase-conjugated second antibody (Cell Signaling Technology), membranes were washed and probed by the enhanced chemiluminescence system (Thermo Fisher Scientific).
Measurement of cell apoptosis
After the treatments, CRC cells were collected and washed. Cell apoptosis was measured by the Annexin V-FITC apoptosis detection kit (Sigma-Aldrich) via flow cytometry, according to the manufacturer's instruction. Tumor growth in nude mice SW480/OR cells stably expressing the miR-122 sequence (LT-miR-122) were developed via a lentiviralbased system (Genechem Co., Ltd., Shanghai, China) for tumorigenesis assays. Immunodeficient nude BALB/c mice (4-6 weeks old, n = 28) were purchased from Shanghai Super-B&K Laboratory Animal Corp., Ltd. (Shanghai, China). Xenograft tumors were generated via subcutaneous injection of SW480/OR cells. After the xenografts reached 0.5 cm in diameter, the animals were treated with intraperitoneal oxaliplatin twice a week (5 mg/kg).The mice were sacrificed after 28 days and the tumor tissues were harvested. The animal care and experimental protocols were approved by the Animal Care Committee of Shanghai Medical College, Fudan University.
Statistical analysis
Data are expressed as the mean ± standard deviation obtained from three independent experiments. For comparison analyses, two-tailed Student's t-tests were used to estimate the statistical differences between two groups. One-way analysis of variance was used to determine the differences between three or more groups. Statistical analysis was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL). We considered p < 0.05 to indicate a statistically significant difference.
Results
SW480/OR and HT29/OR cells are resistant to oxaliplatin treatment
To study the oxaliplatin resistance of CRC cells, we established oxaliplatin-resistant CRC models in SW480 and HT29 (SW480/OR and HT29/OR) cells through extended exposure to oxaliplatin. We observed that SW480/OR cells exhibited obvious oxaliplatin resistance compared with their parental SW480 cells. Furthermore, the IC 50 of oxaliplatin to SW480/ OR increased by 10.2-fold compared with the SW480 cells (Fig. 1A) . Similarly, the IC 50 of oxaliplatin against HT29/ OR cells increased by 9.2-fold compared with the parental HT29 cells (Fig. 1B) . These results indicated that our established SW480/OR and HT29/OR cells were resistant to oxaliplatin treatment.
Upregulation of XIAP is responsible for oxaliplatin resistance in SW480/OR and HT29/OR
Previous studies have indicated that the overexpression of XIAP contributes to the development of drug-resistance in multiple cancers [17] [18] [19] . We therefore investigated the potential role of XIAP in SW480/OR and HT29/OR cells. Interestingly, 
we observed that SW480/OR and HT29/OR cells expressed higher levels of XIAP compared to their parental SW480 and HT29 cells, respectively ( Fig. 2A) . We then performed a loss-offunction assay of XIAP in SW480/OR and HT29/OR cells by transfection with XIAP siRNA, and a gain-of-function assay of XIAP in SW480 and HT29 cells by using XIAP plasmid. The transfection efficiencies of XIAP siRNA and XIAP plasmids are shown in Fig. 2B and 2C . Interestingly, our results showed that knockdown of XIAP in SW480/OR and HT29/OR cells significantly increased cell sensitivity to oxaliplatin treatment (Fig. 2D) . On the other hand, SW480 and HT29 cells obtained resistance to oxaliplatin after transfection with XIAP plasmid (Fig. 2E ). Taken together, we have demonstrated that the overexpression of XIAP contributed to the development of oxaliplatin resistance in SW480/OR and HT29/OR cells. Furthermore, XIAP can be considered a potential target for reducing oxaliplatin resistance in CRC. 
Overexpression of XIAP is induced by the absence of miR-122 in SW480/OR and HT29/OR
Previous studies have demonstrated that a change in gene expression profile is usually induced by the dysregulation of miRNAs in cancer cells. We therefore searched for related miRNAs that may be upstream of XIAP. The results of bioinformatics databases (TargetScan, miRanda, and PicTar) showed that the 3′ UTR of XIAP mRNA contains a seed region paired with miR-122 (Fig. 3A) . Furthermore, we found significant decreases of miR-122 expression in SW480/OR and HT29/OR cells compared with the parental SW480 and HT29 cells, respectively (Fig. 3B) . We therefore speculated that the overexpression of XIAP may be induced by the absence of miR-122 in SW480/OR and HT29/OR cells. To investigate the miR-122/XIAP axis, we transfected SW480/OR and HT29/OR cells with miR-122 mimics (Fig. 3C) . We then found that the recovery of miR-122 expression suppressed the expression of XIAP in SW480/OR, HT29/OR, SW480 and HT29 cells (Fig. 3D) . Furthermore, the results of luciferase reporter assays showed that co-transfection with miR-122 decreased the luciferase activity of the pGL3 luciferase reporter carrying XIAP 3′ UTR. In contrast, miR-122 exhibited no effects on the empty pGL3 luciferase reporter or that carrying mutant XIAP 3′ UTR (Fig. 3E) . Taken together, we demonstrated that the overexpression of XIAP was induced by the absence of miR-122 in SW480/OR and HT29/OR cells.
Recovery of miR-122 re-sensitizes SW480/OR and HT29/OR cells to oxaliplatin through the suppression of XIAP
To investigate the role of miR-122 in regulating oxaliplatin resistance in CRC, we transfected SW480/OR and HT29/OR cells with miR-122 mimics before treatment with oxaliplatin. The results of CCK-8 assays showed that transfection with miR-122 significantly increased the sensitivity of SW480/OR cells to oxaliplatin treatment. Intuitively, IC 50 of oxaliplatin against SW480/OR was reduced by 78.9% because of the miR-122 treatment (Fig. 4A) . Similarly, miR-122 decreased the IC 50 of oxaliplatin to HT29/OR by 80.5% (Fig.  4B) . However, under co-treatment with miR-122 and oxaliplatin, the cell viability of XIAP plasmid-transfected SW480/OR and HT29/OR cells was significantly higher than that of the empty plasmid-transfected SW480/OR and HT29/OR cells, respectively. Furthermore, we found that anti-miR-122 significantly decreased the sensitivity of normal SW480 and HT29 cells to oxaliplatin (Fig. 4C) . These results suggested that miR-122 increased the cytotoxicity of oxaliplatin to SW480/OR and HT29/OR cells by targeting XIAP.
miR-122/XIAP axis regulates the sensitivity of SW480/OR and HT29/OR cells to oxaliplatininduce apoptosis
XIAP is a known suppressor of caspases [20, 21] ; thus we investigated the effect of miR-122 on oxaliplatin-induced apoptotic pathways in SW480/OR and HT29/OR cells. The results of co-immunoprecipitation and western blot analysis showed that co-treatment with miR-122 inhibited an interaction with XIAP and caspase-9, (-3). However, the enforced expression of XIAP plasmid increased conjugation with XIAP and caspase-9, (-3) in SW480/ OR and HT29/OR cells co-treated with oxaliplatin and miR-122 (Fig. 5A) . The results showed that co-treatment with miR-122 promoted the activation of caspase-9 and caspase-3 (Fig.  5B) , which was followed by apoptosis (Fig. 5C ) in the oxaliplatin-treated SW480/OR and HT29/OR cells.
miR-122 enhances the anti-tumor effect of oxaliplatin against CRC
To investigate the anti-tumor effect of miR-122 on oxaliplatin resistance in CRC in vivo, we established CRC mice models by inoculating SW480/OR cells, which stably expressed miR-122 sequence (LT-miR-122) or did not (LT-control). We found that the LT-control was not sensitive to oxaliplatin treatment. In contrast, oxaliplatin significantly reduced the size of 
Discussion
Although surgery is the first choice for the treatment of CRC, tumors are unresectable among patients with metastatic disease [22, 23] . Oxaliplatin-based chemotherapy is the firstline treatment for advanced CRC. However, long-term use usually decreases drug-sensitivity among cancer cells, and the development of acquired drug resistance remains a major obstacle [24] [25] [26] . The mechanisms that determine oxaliplatin sensitivity in CRC have not been identified. Many studies have shown that XIAP is usually overexpressed in association with chemoresistance in cancer cells. XIAP is a key member of anti-apoptotic protein, which can prevent the activation of caspases by interacting with them [27] [28] [29] . Therefore, the overexpression of XIAP decreases the sensitivity of cancer cells to apoptotic signals. Furthermore, research has revealed that the overexpression of XIAP also can contribute to the resistance of cancer cells during chemotherapy. In clinical terms, a high expression level of XIAP predicts a poor prognosis in many cancers [30] [31] [32] [33] . XIAP is considered as an important target for enhancing chemotherapy-induced apoptosis in cancer cells.
In this study, we established oxaliplatin-resistant CRC models in SW480 and HT29 cell lines. Our results showed that the established SW480/OR and HT29/OR cells were resistant to oxaliplatin treatment. Mechanistically, we proved that the overexpression of XIAP was responsible for oxaliplatin resistance in oxaliplatin-resistant CRC models. On the other hand, increased expression of XIAP decreased the sensitivity of oxaliplatin in parental SW480 and HT29 cells. We demonstrated that the overexpression of XIAP contributed to the acquired resistance against oxaliplatin in CRC.
Recent reports have shown that acquired chemoresistance is usually induced by the dysregulation of miRNAs in many cancers. Among these dysregulated miRNAs, miR-122, which has been proven to be a tumor suppressor, is usually downregulated in multiple cancers, including CRC. The absence of miR-122 is found to enhance the proliferation, metastatic, and tumorigenic properties of cancer cells [34, 35] . On the other hand, the recovery of miR-122 expression has been reported to increase the chemosensitivity of cancer cells [36, 37] . The overexpression of miR-122 may represent a potential strategy for cancer treatments.
In this study, a significant decrease in miR-122 expression was observed in oxaliplatinresistant CRC cells compared with the parental CRC cells. Furthermore, we proved that the overexpression of XIAP was induced by the downregulation of miR-122 in oxaliplatinresistant CRC cells. Interestingly, we found that transfection with exogenous miR-122 weakened the oxaliplatin resistance in SW480/OR and HT29/OR cells through the suppression of the XIAP/caspases pathway. miR-122 was found to function as a sensitizer to oxaliplatin-induced apoptosis by targeting XIAP.
Conclusion
We have demonstrated the value of adjuvant therapy with miR-122 in reversing oxalipaltin resistance in CRC. Although further studies are required to test the clinical prospects, a combination study with miR-122 may offer a potential approach toward attenuating the chemoresistance of CRC cells against oxaliplatin.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
